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We explore the cosmological signals of theories in which the neutrinos decay into invisible dark radiation
after becoming non-relativistic. We show that in this scenario, near-future large scale structure measurements
from the Euclid satellite, when combined with cosmic microwave background data from Planck, may allow an
independent determination of both the lifetime of the neutrinos and the sum of their masses. These parameters
can be independently determined because the Euclid data will cover a range of redshifts, allowing the growth
of structure over time to be tracked. If neutrinos are stable on cosmological timescales, these observations can
improve the lower limit on the neutrino lifetime by seven orders of magnitude, fromO(10) years to 2×108 years
(95% C.L.), without significantly affecting the measurement of neutrino mass. On the other hand, if neutrinos
decay after becoming non-relativistic but on timescales less thanO(100) million years, these observations may
allow, not just the first measurement of the sum of neutrino masses, but also the determination of the neutrino
lifetime from cosmology.
INTRODUCTION
Neutrino decay is a characteristic feature of models in
which neutrinos have masses. Even in the minimal extension
of the Standard Model (SM) that incorporates Majorona neu-
trino masses through the non-renormalizable Weinberg oper-
ator, the heavier neutrinos are unstable, and undergo decay
at one loop into a lighter neutrino and a photon. The same
is true of the minimal extension of the SM that incorporates
Dirac neutrino masses through the inclusion of right-handed
singlet neutrinos. In both cases, the lifetime of the heavier
neutrino is of order τν ∼ 1050s (0.05 eV/mν)5, in the limit
that the daughter neutrino mass is neglected [1–5]. This is
much longer than the age of the universe, and so these mini-
mal neutrino mass models do not give rise to observable sig-
nals of neutrino decay. However, in general, the neutrino life-
time can be much shorter. For example, in theories where the
generation of neutrino masses is associated with the breaking
of global symmetries [6–10] (see also [11, 12]), a heavier
neutrino can decay into a lighter neutrino and a Goldstone bo-
son on timescales that can be much shorter than the age of the
universe.
Until the turn of the century, the decaying neutrino scenario
attracted considerable attention as a possible solution to the
solar and atmospheric neutrino problems [13–16]. However,
this explanation is now disfavored by the data [17–19]. More
recently, radiative neutrino decays have been put forward as a
possible explanation of the anomalous 21 cm signal observed
by the EDGES experiment [20].
There is a strong lower limit on the neutrino lifetime in the
case of radiative decays. In this scenario, the limits on spec-
tral distortions in the cosmic microwave background (CMB)
can be translated into bounds on radiative neutrino decays,
τν >∼ 1019s for the larger mass splitting and τν >∼ 4 × 1021s
for the smaller one [21], greater than the age of the uni-
verse. There are also very strong laboratory and astrophysical
bounds on the neutrino dipole moment operators that induce
radiative neutrino decays [22–26].
In contrast, the decay of neutrinos into invisible dark radia-
tion is only weakly constrained by current data. At present,
the most stringent bounds on invisible neutrino decays are
from cosmological observations. Although limits have also
been placed on neutrino decay based on data from Super-
nova 1987A [27], solar neutrinos [19, 28, 29], atmospheric
neutrinos and long baseline experiments [30–33], these con-
straints are in general much weaker. Cosmological measure-
ments are sensitive to the neutrino lifetime through the grav-
itational effects of the relic neutrinos left over from the Big
Bang, and their decay products. If the neutrino lifetime is
less than the timescale of recombination, then neutrino decay
and inverse decay processes are active during the CMB epoch.
These processes prevent the neutrinos from free streaming,
leading to observable effects on the heights and locations of
the CMB peaks [34–36]. Current limits require that the neu-
trinos be free streaming from redshifts z & 8000 until re-
combination, z ≈ 1100 [37–40] (see also [41]). This can
be translated into a lower bound on the neutrino lifetime,
τν ≥ 4 × 108 s (mν/0.05 eV)3 [40], much less than the age
of the universe. Therefore, at present there is no evidence that
neutrinos are stable on cosmological timescales, and the life-
time of the neutrino remains an open question.
A knowledge of the neutrino lifetime is of particular impor-
tance for the determination of neutrino masses from cosmol-
ogy. At present, the strongest upper limit on the sum of neu-
trino masses,
∑
mν . 0.12 eV [42], is from cosmological
observations. However, this bound assumes that the neutrino
number density and energy distribution have evolved in accor-
dance with the standard Big Bang cosmology until the present
time. If the neutrinos have decayed [43, 44] or annihilated
away [45, 46], this bound is not valid, and must be reconsid-
ered. In particular, in the case of neutrinos that decay on cos-
mological timescales, values of the neutrino masses as large
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∑
mν ∼ 0.90 eV are currently allowed by the data [47].
In the coming decade, major improvements are expected
in the precision of cosmological observations, which would
lead to great advances in neutrino physics. The Euclid satel-
lite, scheduled to be launched in 2022, is expected to measure
both the galaxy and the cosmic shear power spectra with un-
precedented precision, achieving up to sub-percent accuracy
over the redshift range from z ∼ 0.5 − 2 [48]. In the more
distant future, the CMB-S4 experiment [49] will lead to ma-
jor advances over current CMB observations. This includes
improvements in the measurement of CMB lensing, which
is very sensitive to the neutrino masses. Under the assump-
tion that neutrinos are stable, these new measurements will
allow us to probe values of the neutrino masses smaller than
the observed neutrino mass splittings and thereby determine∑
mν [50, 51]. However, if the neutrinos are unstable on
cosmological timescales, the question of whether
∑
mν can
in fact be determined remains unanswered.
In this paper, we address this question. We consider theo-
ries in which the neutrinos decay into invisible dark radiation
after becoming non-relativistic. We show that in this class of
models, near-future large scale structure (LSS) measurements
from Euclid, in combination with Planck data, may allow an
independent determination of both the lifetime of the neutri-
nos and the sum of their masses. The reason these parameters
can be independently determined is because Euclid takes mea-
surements at multiple redshifts, which allows us to track the
growth of structure over time. In the case of stable neutrinos,
we find that these observations will be able to extend the lower
bound on the lifetime by at least seven orders of magnitude,
fromO(10) years toO(0.1− 10) Gyrs depending on the neu-
trino mass, without significantly affecting the measurement
of the sum of neutrino masses. Furthermore, we show that if
the neutrinos decay after becoming non-relativistic but with a
lifetime less thanO(108) years, these observations may allow
the first determination of not just the neutrino masses, but also
the neutrino lifetime.
BREAKING THE DEGENERACY BETWEEN NEUTRINO
MASS AND LIFETIME
The sensitivity of cosmological observables to the neutrino
masses arises from the fact that, after the neutrinos become
non-relativistic, their contribution to the energy density red-
shifts like matter, and is therefore greater than that of a rela-
tivistic species of the same abundance. This leads to a faster
Hubble expansion, reducing the time available for structure
formation. The net result is an overall suppression of large
scale structure [52, 53], (for reviews see [54–57]). A larger
neutrino mass gives rise to greater suppression, since heav-
ier neutrinos become non-relativistic at earlier times, and also
contribute more to the total energy density after becoming
non-relativistic. In the case of neutrinos that decay, the ex-
tent of the suppression now also depends on the neutrino life-
time. The key idea, first discussed in [43, 44], is that if the
neutrinos decay into massless species after becoming non-
relativistic, the suppression in power is reduced. Depending
on how late the decay kicks in after the neutrinos have become
non-relativistic, the magnitude of the suppression will vary.
These features are illustrated in Fig. 1, where we show the
evolution of the overdensity of cold dark matter and baryons,
δcb ≡ δρcb/ρ¯cb, for three cases, based on the analysis in [47]
and briefly described in the next section. The results are ex-
pressed in terms of the ratio of (δcb)2 for each case to its value
in the scenario with massless neutrinos. The black line corre-
sponds to stable neutrinos with
∑
mν = 0.25 eV, while the
blue line corresponds to unstable neutrinos of the same mass.
We see that, as compared to the stable neutrino scenario, un-
stable neutrinos of the same mass lead to a smaller suppres-
sion of δcb at z = 0. The red line corresponds to unstable
neutrinos with
∑
mν = 0.30 eV, and their lifetime has been
chosen to obtain the same result for the overdensity at z = 0
as for stable neutrinos with
∑
mν = 0.25 eV. We see from
the black and red curves in Fig. 1 that the effects of a stable
neutrino on the matter density perturbations cannot be easily
distinguished from those of a heavier neutrino that is shorter-
lived based only on measurements performed at z <∼ 0.3. This
is because the growth of δcb is almost frozen in the region
where the cosmological constant dominates (z <∼ 0.3). There-
fore, there is a degeneracy between
∑
mν and τν that cannot
be resolved based only on measurements of the matter power
spectrum at low redshifts. However, it is clear from Fig. 1 that
the evolution of the power suppression at earlier times is dif-
ferent in the two cases. Consequently, the shapes of the power
spectra as a function of z are distinct. This would allow these
two cases to be distinguished if measurements are made at
more than one redshift with sub-percent precision (e.g., black
vs. red at z = 0.5 and z = 2 in Fig. 1). As mentioned above,
the Euclid experiment is expected to take measurements at
multiple redshifts between z ≈ 0.5 and z ≈ 2 at this level
of precision. Hence the combined Euclid and Planck data has
the potential to break the degeneracy between neutrino mass
and lifetime.
ANALYSIS
In order to calculate the effects of neutrino decay on cos-
mological observables, we implement the Boltzmann equa-
tions corresponding to the decay of neutrinos into dark radi-
ation that were derived in [47] into the code CLASS1 [58].
We work under the assumption that, after becoming non-
relativistic, each SM neutrino decays with width Γνi into
two massless particles. Here the indices i label the neu-
trino mass eigenstates. For concreteness, we assume that
the decay widths of the three neutrinos satisfy the relation
Γνi ∝ m3νi . This assumption is motivated by models in
1 http://www.class-code.net
3������ ��������� ∑�ν = ���� ��
Γν = ��� ��/�/���� ∑�ν = ���� ��
Γν = ��� ��/�/���� ∑�ν = ���� ��
k = 0.1 hMpc-1, fix h
0.1 1 10 100 1000
0.90
0.92
0.94
0.96
0.98
1.00
�������� �
(δ ��)�
��
���
��
��
�
�
ν=��
��
��
��
�
2<latexit sha1_base64="jk/1fpohXujb3eq/tOFNvjxoFrw=">AAA B6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xub W8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1il kYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYj L7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffW+ Mug==</latexit>
z n
r,
0
.2
5
e
V
<latexit sha1_base64="2dAwT1HxB2F9nJ6C34K9N6ewEMo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclJA2FV0W3bisYB/QhDCZTtqhk0mYmQg1dOHGX3HjQhG3foQ7/8Zp2oJaD1zu4Zx7mbknSBiVyra/jJXVtfWNzcJWcXtnd2/fPDhsyzgVmLRwzGLRDZAkjHLSUlQx0k0EQVHASCcYXU39zh0Rksb8Vo0T4kVowGlIMVJa8s1S5ooI3k/8vHNRcSu2VTtzK6Q98c2ybdk5oCaOU685sLpQFqQM5mj65qfbj3EaEa4wQ1L2qnaivAwJRTEjk6KbSpIgPEID0tOUo4hIL8uPmMATrfRhGAtdXMFc/bmRoUjKcRToyQipofzrTcX/vF6qwgsvozxJFeF49lCYMqhiOE0E9qkgWLGxJggLqv8K8RAJhJXOrahDWDp5mbRrVtWxajf1cuNyHkcBlMAxOAVVcA4a4Bo0QQtg8ACewAt4NR6NZ+PNeJ+NrhjznSPwC8bHN9Enlug=</latexit> z n
r,
0
.3
0
eV
<latexit sha1_base64="0cL6f0knnIUBmHIwHsusHO2jCkg=">AAACBHicdVDLSgMxFM3UV62vqstugkVwUYbMtNZ2V3TjsoJ9QKeUTJq2oZnMkGSEOnThxl9x40IRt36EO//G9CGo6IHLPZxzL8k9fsSZ0gh9WKmV1bX1jfRmZmt7Z3cvu3/QVGEsCW2QkIey7WNFORO0oZnmtB1JigOf05Y/vpj5rRsqFQvFtZ5EtBvgoWADRrA2Ui+bSzwZwNtpb96FLHgFZBeRV6DNaS+bR3a1WnFdBJGNHLfklA1xTqulsgMdG82RB0vUe9l3rx+SOKBCE46V6jgo0t0ES80Ip9OMFysaYTLGQ9oxVOCAqm4yP2IKj43Sh4NQmhIaztXvGwkOlJoEvpkMsB6p395M/MvrxHpQ6SZMRLGmgiweGsQc6hDOEoF9JinRfGIIJpKZv0IywhITbXLLmBC+LoX/k6ZrO0XbvSrla+fLONIgB47ACXDAGaiBS1AHDUDAHXgAT+DZurcerRfrdTGaspY7h+AHrLdPGX6XGg==</latexit>z d
e
c
a
y
<latexit sha1_base64="ZAnN3aRGxZiweG9kEpmkftMRK/w=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchaQtbZdFNy4r2Ae0IUwmk3bo5MHMRIgh/oobF4q49UPc+TdO0wgqeuByD+fcy9w5bsyokKb5oa2tb2xubVd2qrt7+weH+tHxUEQJx2SAIxbxsYsEYTQkA0klI+OYExS4jIzcxeXSH90SLmgU3sg0JnaAZiH1KUZSSY5ey6Y8gHe5U3SPYJTmjl43jVaz0bVa0DTMAoq0O+1upwmtUqmDEn1Hf596EU4CEkrMkBATy4ylnSEuKWYkr04TQWKEF2hGJoqGKCDCzorjc3imFA/6EVcVSlio3zcyFAiRBq6aDJCci9/eUvzLmyTS79oZDeNEkhCvHvITBmUEl0lAj3KCJUsVQZhTdSvEc8QRliqvqgrh66fwfzJsGFbTaFy36r2LMo4KOAGn4BxYoAN64Ar0wQBgkIIH8ASetXvtUXvRXleja1q5UwM/oL19AkHTlS0=</latexit>
0.5
<latexit sha1_base64="cJMY6+P I9dH/F4Umn17uuiHlFu0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckl V9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3sz zMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w4 3AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz 8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8 ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5L NF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4v ytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/A Fa2o0v</latexit>
Euclid
<latexit sha1_base64="nh/P8a1uWDgY0B 47nT9ryfGJ35U=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GVRBJcV7AOaUCaTSTt0 JgnzEErob7hxoYhbf8adf+O0zUJbD1w4nHMv994TZpwp7brfTmltfWNzq7xd2dnd2z+oHh51 VGokoW2S8lT2QqwoZwlta6Y57WWSYhFy2g3HtzO/+0SlYmnyqCcZDQQeJixmBGsr+bkvBboz hLNoOqjW3Lo7B1olXkFqUKA1qH75UUqMoIkmHCvV99xMBzmWmhFOpxXfKJphMsZD2rc0wYKq IJ/fPEVnVolQnEpbiUZz9fdEjoVSExHaToH1SC17M/E/r290fB3kLMmMpglZLIoNRzpFswBQ xCQlmk8swUQyeysiIywx0Tamig3BW355lXQade+i3ni4rDVvijjKcAKncA4eXEET7qEFbSCQ wTO8wptjnBfn3flYtJacYuYY/sD5/AHxlZGf</latexit>
FIG. 1: Evolution of the ratio of the CDM+baryon density perturba-
tions with respect to the case of massless neutrinos. The blue (black)
curve corresponds to the case of stable (unstable) massive neutri-
nos with
∑
mν = 0.25 eV. Here zdecay, defined as the redshift at
which the neutrino width Γν becomes equal to the Hubble constant,
corresponds to the redshift at the time of neutrino decay. Similarly
znr denotes the redshift at which 80% of the neutrinos have become
non-relativistic. As compared to stable neutrinos, unstable neutri-
nos generate less suppression of density perturbation at low redshift.
Unstable heavier neutrinos with
∑
mν = 0.3 eV (shown in red) can
give the same density perturbation at low redshift as stable neutrinos
of mass
∑
mν = 0.25 eV. However, at z = 2, the perturbation in
the heavier neutrino scenario deviates at theO(0.1)% level from the
stable neutrino scenario (indicated by the purple arrow).
which the generation of neutrino masses is associated with
the breaking of global symmetries. In these theories the cou-
plings of neutrinos to the Goldstone bosons typically scale
as mν/f , where f corresponds to the scale at which the
global symmetry is broken. Given the observed mass split-
tings ∆m212 = 7.4× 10−5 eV2 and ∆m223 = 2.5× 10−3 eV2,
this leaves only two remaining independent parameters. We
choose to present the results of our analysis in terms of the
parameters (
∑
mν ,Γν), where Γν is the decay width of the
heaviest neutrino. With this definition, Γν ≡ Γν3 for the nor-
mal hierarchy and Γν ≡ Γν2 for the inverted hierarchy.
We wish to determine the extent to which a combination of
Planck data and future Euclid data can help break the degen-
eracy between the neutrino mass and lifetime. To that end,
we make use of the mock likelihoods available publicly in
MONTEPYTHON-V3.1 and described in Refs. [59, 60]. We
include Euclid galaxy and cosmic shear power spectra in the
“realistic” configuration, i.e., we include nonlinear scales and
employ a loose (redshift-independent) non-linear cut at co-
moving kNL = 2 h/Mpc in the galaxy power spectrum and
kNL = 10 h/Mpc in the cosmic shear power spectrum, to-
gether with a nonlinear correction based on HaloFit [61, 62]
and a theoretical error on the nonlinear modeling (as described
in Refs. [59, 60]). For a few cases, we employed an alter-
native “conservative” prescription where we cut the data at
comoving kNL = 0.2 h/Mpc in the galaxy power spectrum
and kNL = 0.5 h/Mpc in the cosmic shear power spectrum,
and verified that this leads to very similar results. This gives
us confidence in the robustness of our conclusions. In order
to include Planck data in our forecast, we generate a mock
dataset with the fake likelihood FAKE PLANCK REALISTIC
available in MONTEPYTHON-V3.1. We analyze chains using
the python package GETDIST [63].
We first forecast the lower bound on the neutrino lifetime
that can be reached in the near future. We begin by gen-
erating mock data sets for the case of stable neutrinos, i.e.,
Γν = 0. Specifically, we generate a mock data set for the fol-
lowing values of
∑
mν /eV: [0.06, 0.12, 0.18, 0.24, 0.30] for
the normal hierarchy case and [0.10, 0.15, 0.20, 0.25, 0.30] for
the inverted hierarchy. This range covers the minimum
∑
mν
allowed by the normal and inverted mass spectra, and also the
maximum
∑
mν consistent with the current bound derived
in [47]. We then run one MCMC scan per mock data set vary-
ing the ΛCDM parameters {ωb, ωcdm, 100θs, As, ns, τreio}
together with {∑mν/eV,Log10[Γν/(km/s/Mpc)]}. As
mentioned earlier, here Γν refers to the width of the heavi-
est neutrino. As our modifications to CLASS have the effect
of making the code much slower, we are forced to run a large
number of chains (∼ 100) to acquire enough points to obtain
robust results. This penalizes the use of the Gelman-Rubin
criterion [64] as a convergence test2. Therefore we primarily
rely on visual inspections, and on comparison between vari-
ous chunks of chains, to assess convergence. As a check, we
have verified that for all scenarios, our constraints vary by less
than 10% when adapting the fraction of points removed with
GETDIST from 0.1 to 0.5.
Our results are displayed in Fig. 2 for the normal- (left)
and inverted- (right) mass hierarchy cases, where we show
the bounds on the decay rate Γν of the heaviest neutrino
as a function of
∑
mν . We summarize the bounds on
the neutrino masses and lifetime for both hierarchies in Ta-
ble I. Of utmost importance, we find that the combination
of Planck and Euclid can break the degeneracy between
(
∑
mν ,Γν) and set an upper bound on the neutrino lifetime,
Log10[Γν/(km/s/Mpc)] ≤ 3.7 (2σ), even for the lowest pos-
sible neutrino mass. Moreover, we find that the sensitivity to∑
mν is not significantly degraded by the additional free pa-
rameter log10 Γν . As can be seen from Table I, the bounds
on Γν in the normal and inverted hierarchy cases become in-
creasingly close above
∑
mν >∼ 0.2 eV. This is because in this
limit the neutrinos are becoming quasi-degenerate. Neverthe-
less, even for
∑
mν = 0.3 eV, the values of the two largest
neutrino masses differ at the level of a few percent between
the normal and inverted hierarchies. Since Γν ∝ m3ν , this ac-
counts for the ∼ 10% difference between the bounds on Γν
in the two cases. Finally, we mention that we do not find any
2 Nevertheless, all runs satisfy the Gelman-Rubin criterion except for
the cases with fiducial
∑
mν/eV = 0.06,
∑
mν/eV = 0.10 and∑
mν/eV = 0.12. For these runs, we have at most (R − 1) ≈ 0.3,
(R− 1) ≈ 0.22 and (R− 1) ≈ 0.25 respectively.
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FIG. 2: Forecast of the 2D posterior of the sum of neutrino masses and decay width of the heaviest neutrino reconstructed at 68 and 95% C.L.
from a combination of Planck+Euclid P (k)+Euclid Lensing. The fiducial model assumes that neutrinos are stable and that they follow the
normal hierarchy (left panel) or inverted hierarchy (right panel).
strong correlation between the decay rate and the other cosmo-
logical parameters. Therefore, for brevity we do not explicitly
report the reconstructed ΛCDM parameters.
Normal hierarchy
Fiducial
∑
mν/eV 0.06 0.12 0.18 0.24 0.30∑
mν/eV < 0.085 0.125± 0.020 0.183± 0.017 0.243± 0.016 0.303± 0.015
Log10[Γν/(km/s/Mpc)] < 3.7 < 3.2 < 2.1 < 1.7 < 1.5
Inverted hierarchy
Fiducial
∑
mν/eV 0.10 0.15 0.20 0.25 0.30∑
mν/eV < 0.13 0.154± 0.017 0.205+0.015−0.017 0.253± 0.016 0.304± 0.015
Log10[Γν/(km/s/Mpc)] < 2.7 < 2.2 < 1.8 < 1.5 < 1.3
TABLE I: Forecast constraints on the sum of neutrino masses (at 68% C.L.) and decay width of the heaviest neutrino (at 95% C.L.) from a
combination of Planck+Euclid P (k)+Euclid Lensing. The fiducial model assumes that neutrinos are stable and that they follow the normal or
inverted hierarchy.
Fiducial
(
Log10[Γν/(km/s/Mpc)],
∑
mν/eV
)
(3.7, 0.16) (3, 0.25)∑
mν/eV 0.167+0.035−0.076 0.261
+0.042
−0.069
Log10[Γν/(km/s/Mpc)] 3.59
+0.65
−0.45 2.96
+0.64
−0.46∑
mν/eV (stable) 0.10± 0.02 0.19± 0.02
TABLE II: Forecast constraints at 68% C.L. on the sum of neutrino masses and decay width of the heaviest neutrino from a combination of
Planck+Euclid P (k)+Euclid Lensing. The models assume a normal neutrino mass hierarchy.
Given these constraints on Log10[Γν/(km/s/Mpc)], we
anticipate that future cosmological data will be able to de-
termine that neutrinos are decaying if the width exceeds this
limit. To demonstrate this, we turn our attention to a scenario
with unstable neutrinos and generate two sets of mock data
corresponding to (Log10[Γν/(km/s/Mpc)],
∑
mν/eV) =
(3.7, 0.16) and (3, 0.25) with a normal hierarchy. For each
mock data set and fiducial model we run two cases, one in
which we leave Γν free to vary and another in which we en-
force the constraint Γν = 0. The purpose of the latter case
is to allow us to estimate the typical bias that would be in-
troduced if this scenario was actually realized in nature and
neutrino decays were not accounted for.
Our results are shown in Fig. 3 and summarized in Table II.
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FIG. 3: Same as Fig. 2, but the fiducial model now assumes decaying neutrinos with (Log10[Γν/(km/s/Mpc)],
∑
mν/eV) = (3.7, 0.16)
(left panel) and (3, 0.25) (right panel) in the normal hierarchy.
We find, as expected, that for both cases the combination of
Planck and Euclid sets an upper limit on the neutrino lifetime,
so that the decaying neutrino scenario can be distinguished
from the stable case at better than 3σ. Remarkably, in both
cases we also obtain a lower limit on the neutrino lifetime
at 3σ, opening the door to the possibility of determining the
neutrino lifetime from cosmology.
Based on our limits, one might expect that the neu-
trino lifetime can be determined at better than 2σ provided
Log10[Γν/(km/s/Mpc)] > 3.7 for
∑
mν/eV > 0.06. How-
ever, recall that the regime Log10[Γν/(km/s/Mpc)] & 6 is
not treated in our formalism, since neutrinos would be decay-
ing while still relativistic. We defer a detailed study of the
parameter space for which next-generation experiments can
determine the neutrino lifetime to future work.
Interestingly, we find that in both the cases considered, the
precision at which
∑
mν can be detected is strongly degraded
compared to the contours in Fig. 2. Indeed, in these cases the
uncertainty on
∑
mν is multiplied by∼ 5 when Γ is let free to
vary, and ∼ 1.5 when Γν = 0 is enforced. This is of great im-
portance for next-generation experiments which claim that a
combination of datasets will be able to detect the sum of neu-
trino masses “at 5σ”, even in the minimal mass case. Perhaps
even more important, we find that when Γν = 0 is enforced, a
strong bias in the reconstructed neutrino mass away from the
true value can appear. For the specific cases studied here, we
find a bias of roughly −0.06 eV, i.e, a ∼ 3σ shift away from
the “true” value.
CONCLUSIONS
In summary, we have considered the cosmological signa-
tures of theories in which the neutrinos decay into invisible
radiation on cosmological timescales. We have shown that
in this scenario, observations of large scale structure made at
multiple redshifts may allow two fundamental parameters,
the sum of neutrino masses and the neutrino lifetime, to be
determined independently. To assess the prospects for near
future experiments, we have performed an MCMC analysis
based on mock data from the Planck and Euclid experiments.
Trading Planck data for the mock data from a next-generation
CMB experiment would strengthen our conclusions. In
the case of neutrinos that are stable on timescales of order
the age of the universe, we find that these measurements
can improve the lower limit on the neutrino lifetime in this
scenario by seven orders of magnitude, from O(10) years
to 200 million years, without significantly impacting the
measurement of neutrino mass. In the case of neutrinos
that decay on timescales shorter than O(100) million years,
these measurements may allow the neutrino lifetime to be
determined from cosmology, provided the neutrinos decay
after becoming non-relativistic. We find that in this case,
requiring that neutrinos are stable when performing the fit
can lead to a significant bias in the reconstructed neutrino
mass. Therefore the possibility that neutrinos are unstable on
cosmological timescales should be taken into account in the
analysis of future Euclid data.
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